Abstract This paper investigates the impacts of climate change on US returns to research investments on agricultural productivity. We examine this using a historical data set in a panel time-series econometric model of state agricultural productivity. The fitted model allows derivation of the rate of return to research investments and the effects of climate change thereon. We find climate change is altering the rate of return to public agricultural research in a spatially heterogeneous manner. Increases in precipitation raise returns to research, while the impact of higher temperatures varies by region, are negative in Southern areas, particularly the Southern Plains, and positive in northern areas. We simulate the impact of projected climate change and find cases where agricultural productivity is reduced, for example in the Southern Plains. Finally, we consider the amount of research investment that is needed to adapt to overcome the impacts of climate change on agricultural productivity. Under the 2100 scenario, a 7-17 % increase in total US research investment is needed to adapt, but effects by region differ greatly-some requiring little changes and the Southern Plain requiring an increase as high as 57 %. The Intergovernmental Panel on Climate Change (IPCC) and others indicate that the elevated greenhouse gas concentrations and associated climate change will influence agricultural productivity (IPCC 2007). A related but, to our knowledge, unstudied factor is the effects of climate change on productivity growth and the returns to research investments. In this study we examine how climate change alters agricultural productivity growth and the returns to agricultural research investment.
Economists have long evaluated the returns to agricultural research (see the literature reviews in Evenson 2001; Huffman and Evenson 2006b; Pardey et al. 2007; Alston et al. 2010 ). Huffman and Evenson (2006a) suggest that rates of return are being reduced by the shift toward competitive grants and away from block grants for agricultural research. Recently, James et al. (2009) and Alston et al. (2010) argued that the US rate of return of agricultural research investment is falling. They speculated that this may be due to altered resource allocation. In an earlier piece, Pardey et al., (2007) also mentioned that unfavorable weather conditions are contributing to diminished productivity growth. One plausible explanation for the weather component is the early onset of climate change. If this persists, it is both another manifestation of societal sensitivity to climate change and an area where adaptation investments may be needed (McCarl 2007) .
In this study we investigate how climatic factors (temperature and various aspects of precipitation) has affected historical state agricultural total factor productivity (TFP) fitting an econometric model. Then using those results, we simulate the consequences of climatechange scenarios and the size of public agricultural research investments needed to restore productivity back to climate change unaffected levels.
Background on research and productivity
A number of studies have examined the impacts of public and private research on agricultural productivity (Huffman and Just 1994; Alston et al. 1998; Huffman and Evenson 2006b; Alston et al. 2010) .
Since climate affects production and existing findings indicate that climate change can alter crop yields positively or negatively (see McCarl et al. 2008 or the review in IPCC 2007), it is not a great leap to hypothesize that productivity growth might be affected by climate change. For instance, climate change as described in IPCC (2007) is one possible explanation for a decline in the rate of increase in agricultural productivity, as mentioned in Pardey et al. (2007) .
A number of studies have examined how research and development investments affect agricultural productivity. Huffman and Just (1994) used state productivity data for to show that federal formula funding has a larger impact on agricultural productivity than competitive grant funding, owing to the high transaction costs associated with competitive grant programs. Huffman and Evenson (2006a) investigated the impacts of public agricultural research capital, private agricultural research capital, and public agricultural extension capital on agricultural TFP using U.S. state level data from 1970 through 1999. They found that both public agricultural research and agricultural extension have positive, significant impacts on state agricultural TFP. Alston et al. (2010) report found similar results. This study extends Huffman and Evenson (2006a) , exploring how climate conditions affect the TFP contribution of agricultural research.
The empirical TFP model
Agricultural Total Factor Productivity (TFP) is the output of crop and livestock products produced by farmers per unit input. It is constructed by dividing an index of total output by an index of the inputs used by farmers, e.g., land, labor, machinery and materials (Huffman and Evenson 2006b) .
1 In Huffman and Evenson (2006a) , state level TFP is econometrically explained using within-state public agricultural research capital, spill-in public agricultural research capital, private agricultural research capital, and extension capital. Their model also incorporates differential impacts of public agricultural research due to major funding sources-block grants versus competitive grant funding of public agricultural research. Their econometric model is:
where subscripts i and t indicate state and year respectively; subscript l represents production region; TFP is the state agricultural total factor productivity; RPUB is the public agricultural research capital, expressed in 1984 dollars; SFF and GR are the share of the public budget coming from federal formula funds (SFF), and federal grants and contracts (GR); EXT is the stock of public extension capital; RPUBSPILL is the public agricultural research spill-in stock 2 ; RPRI is the private agricultural research capital; D is a set of regional dummies which identify the farm production regions (l) that the states fall into using the regions defined by the USDA Economic Research Service (ERS). The production regions are: Northeast, Southeast, Central, North Plains, Southern Plains, Mountains, and Pacific. The Central region is left out of the estimation, and provides the baseline for comparison.
TFP is related to current and past research investments, which are assumed to have a lag structure with explicit timing weights. The lag structure used follows Huffman and Evenson (2006a) and Huffman (2010) The model also follows Huffman and Evenson in incorporating the effects of formula and grant funding received by the state agricultural experiment stations. These are the SFF and GR variables.
Finally, a linear trend is included in the model to account for impact of any excluded trend factors, such as nonobservable technological progress.
1 The agricultural TFP, as is defined in this study (and many other studies cited in the text), reflects not only advance in agricultural technology (in agronomy sense) but also other aspects of farm management, such as crop choice, farm investment and risk management, marketing, just to name a few. 2 The impact on a given state of direct public agricultural research undertaken by other states in an area.
Incorporating climate effects
We need to augment the Huffman and Evenson TFP model to incorporate climatic conditions. To do this, we add regressors for temperature, rainfall, and intensity of precipitation:
where & Temperature is measured as the state average in degrees Fahrenheit observed during the growing season and is interacted with a regional dummy variable to allow differential effects of temperature across regions; & Precipitation is the total rainfall in inches measured over the entire year; & Intensity is a measure of the intensity of precipitation. It is constructed as the ratio between the maximal monthly precipitation and annual precipitation. National precipitation and precipitation intensity measures were included in our final model without regional interactions because in preliminary estimations we did not find statistically significant regional variation in their effects. Another potentially important climate factor is the atmosphere abundance of CO 2 . However, since CO 2 levels have been increasing steadily during the last century, its effects cannot be isolated from the overall technology advance. Therefore, we do not consider CO 2 in this study.
To carry out the estimation herein we use the Huffman and Evenson (2006a) data set augmented with state level climatic variables. These data contain annual observations on research capital and productivity for the 48 contiguous states from 1970 to 1999 with a total of 1,440 observations. We assembled state-level climate data on temperature in degrees Fahrenheit plus precipitation in inches from the National Oceanic and Atmospheric Administration (NOAA) National Climatic Data Center website. Intensity of precipitation is also constructed from NOAA data. Definitions and summary statistics for the variables used in this study are reported in Table 1 .
Estimation approach and results
The data used in our analysis are in the form of a panel with a number of periods (T) and individuals (N -the states). Details on the estimation procedures are given in the appendix. Since we found that some nonstationary variables and the presence of cointegration we used a panel-error-correction model (Hamilton 1994) . The model estimates give the long-run equilibrium TFP relationship with the independent variables like public research investment. The estimated results are reported in Table 2 . Subsequently we find that & The elasticity of agricultural TFP with respect to public agricultural research (RPUB) is equal to 0.110, which is indicates investments in agricultural research increase TFP by 11 %. Regarding the climate variables, we find that & The long-run relationship between temperature and TFP is not significantly different from zero for most regions, with the exception of a negative effect for the Southeast. & Precipitation and precipitation intensity are statistically significant. The precipitation effect elasticity is 0.087 indicating more rain raises productivity. For precipitation intensity, the associated elasticity is -0.053 indicating as more of the rain falls in intense storm that factor productivity is reduced. & There is no a significant linear trend effect that suggests exogenous agricultural TFP growth.
Robustness checks
To check the robustness of our results, we considered several alternative specifications. We used simplified specifications of agricultural investment variables, including only four variables: public agricultural research capital, public agricultural extension capital, public agricultural research capital spilling and private agricultural research capital. We also adopt a different grouping of regions. In particular, the Pacific region is divided into two sub-regions north south as is the Mountains region. The estimated results did not qualitatively differ from those reported above (see Villavicencio 2009).
Evaluating the effects of climate change
Now we examine the effects that projected climate change has on agricultural TFP, and the amount of additional research capital needed to maintain the level of productivity growth in the absence of climate change.
To characterize climate change we used data on temperature, precipitation, and intensity of precipitation from the Canadian Centre for Climate Modeling and Analysis (CCC) model for the years 2020, 2050, and 2100 for SRES scenarios A1B, A2 and B1.
The coefficients estimated in the model were then used to make predictions for TFP assuming that the Public Agricultural Research Capital (RPUB), the public agricultural research spill-in stock (RPUBSPILL), and the private agricultural research capital (RPRI) will rise at their current growth rates.
In making the projections we first calculated the prediction of the TFP growth rate with and without climate change. The without climate change baseline assumes climate remains at the average historical levels of the last 30 years. The with climate change projection replaces the climate variables with the CCC model predictions. These were computed for each US State and then averaged to regions for the years 2020, 2050 and 2100. Table 3 reports the percentage reduction in TFP growth with climate change relative to that without climate change by SRES scenario. For example under A1B, the 2020 Northeast region TFP growth Rate with climate change 1.89 % greater than without climate change.
The results indicate differential regional effects. For example the results suggest that by 2020 the Pacific region will experience higher TFP growth rates under all scenarios. However, those effects are reduced in 2050 and 2100, with negative but smaller effects under Scenarios A1B and B1 in 2050 and Scenario A2 in 2050 and 2100.
The negative effect of climate change on TFP in the Southern Plains region is persistent and large by 2020, going from −22 % to −37 % across scenarios. Those negative effects diminish in 2050 and 2100 falling between −7 % and −15 %.
At a national level, Scenario A1B suggests small 2020 TFP growth under climate change, which diminishes over time and becomes negative by 2100. On the other hand, scenarios A2 and B1 suggest negative effects on TFP at a national level, which decline over time.
Next we calculated the required investments in public agricultural research investment required to maintain the TFP growth realized in the absence of climate change ( Table 4) . For that purpose, we use the elasticities arising from the Model to calculate the needed increase (or reduction) in investment levels that restores TFP growth reduction (or increase) to the no climate change level.
The results are particularly alarming for the Southern Plains region, which would need to increase research investment by 140 % to 231 %. The Southeast is the other region that consistently requires an increase in public research investment. However, in a number of other regions public agricultural research investments could be reduced and still maintain agricultural productivity. On a national scale, Scenario A1B requires a US-wide increase in public research capital for year 2100, while Scenarios A2 and B1 suggest that we need to increase research investment during all the periods of study.
Conclusions
We examined the impact of climate change on returns to US public agricultural research investments extending the TFP model of Huffman and Evenson (2006) . Our main findings include & Temperature in the Southern Plains affects agricultural total factor productivity as does precipitation and intensity of precipitation significantly in all regions. & Projected climate change scenarios alter future total-factor productivity growth rates.
The alterations, are positive in the Northeast and Pacific regions but negative in the South Plains and Southeast. & To achieve pre-climate-change agricultural TFP growth rates, steady state increases in investment in public agricultural research of about 18 % per year are required at the national level, but differ across regions. 
